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Abstract: Nanostructured calcium phosphate functionally graded materials (FGMs) with simultaneous gradients of density, phase composition, and mechanical properties were fabricated by consecutive uniaxial pressing of stoichiometric (SHAp) and calcium deficient (CDHAp) hydroxyapatite powders in multilayered samples and reaction sintering. During sintering procedure SHAp composition remained stable (HAp) while CDHAp was phase transformed in biphasic calcium phosphate (BCP, i.e. HAp+β-TCP) yielding HAp/BCP FGMs.
To reduce mismatch stress between adjacent layers, generated during sintering, gradient of phase composition was optimized by introducing intermediate layer(s) made from mixture of SHAp and CDHAp in appropriate mass ratio. Optimal processing conditions for preparation of nanostructured ceramics were provided via two-step sintering. High-quality FGMs structure, without delamination, cracks and micro-structural damages was observed by SEM technique; moreover, a detailed examination by FE−SEM established the unidirectional (perpendicular with respect to the layers) gradual change of microstructure, from fully dense to ~ 40% of porosity. Detailed micro-Raman and FTIR spectroscopy studies showed increase of β-TCP amount along the FGMs height, confirming gradient of phase composition. Mechanical
Introduction
Functionally graded materials (FGMs) are defined as materials which possess, continuous or stepped, spatial changes of properties [1−3] . The gradual change of chemical composition, grain size, porosity, etc., could be tailored to produce gradual change of features (electrical, magnetic, biological, etc.) necessary for desired applications of FGMs. After the pioneer works of Japanese scientists on FGMs in the field of thermal barrier coatings and stress relief materials in the aerospace industry [1] , this concept has been used for fabrication of various technological components, such as electrical [4, 5] and electrochemical devices [6, 7] , as well as biomaterials [8] [9] [10] . Nowadays, functionally graded biomaterials represent an attractive class of materials having properties that cannot be attained in any spatially homogeneous materials [11] , such as mechanical strength and biocompatibility, mainly through ceramic/metal [12] and ceramic/polymer FGMs [13] . Besides, ceramic/ceramic functionally graded biomaterials exhibit the advantage over substrate coatings in interfacial bonding quality and reduced thermal stresses during sintering [14] .
Functionally graded biomaterials possess a remarkable potential to establish hierarchical structure similar to that in bone [10] . Suchanek and Yoshimura [15] reviewed the hierarchical structure of the bone: outer compact layer is dense with high mechanical strength (cortical bone); inner layer is porous (cancellous bone), allowing cells proliferation and vascularization, while in the core is bone marrow. Some of the important aspects in designing successful implant materials are creating stable interface and matching of mechanical properties with host tissue [16, 17] . In the field of bone tissue reconstruction, in spite of their poor osteoinductive properties and brittle nature, calcium phosphate materials, which are compositionally similar to bone mineral, biocompatible, bioactive, and osteoconductive, still represent the most promising materials for bone grafting [18] . Mostly used calcium phosphate materials are hydroxyapatite (HAp), beta-tricalcium phosphate (β-TCP), alpha-tricalcium phosphate (α-TCP) and biphasic calcium phosphate (BCP), which is a mixture of either β-TCP and HAp or α-TCP and HAp [19] . It is known that HAp ceramics directly bond with bone tissue while β-TCP dissolves gradually leaving the place for new bone formation [8] . Concerning the issue of implant resorption rate requirements [20] , the advantages of FGMs are possibility to tailor bioactive/bioresorbable bulk implant materials [21] through the combination of HAp and β-TCP [22] . The spatial gradient of phase composition, from BCP with different HAp/β-TCP ratio to pure HAp provides better environment for bone formation and osteoitegration [23] . Such prepared HAp/BCP FGM will make available direct bonding of HAp surface to bone tissue while BCP surface with appropriate HAp/β-TCP ratio would dissolve to supply calcium and phosphate for a new bone growth. Finally, the possibility to tailor certain level of porosity in the bulk calcium phosphate ceramics is especially important for enhanced transport of biologically important species such as fibrinogen, insulin and type I collagen, as well as for adsorption of proteins [24] . The role of microporosity is also important in macroporous scaffolds for improved growth factor retention [25] , to control bioactivity and accelerate osteointegration [26] .
Until now, gradient of properties in FGMs was produced with techniques such as: chemical and physical vapor deposition, reaction sintering, plasma spray, casting processes, laser cladding, bionics technique, self-propagating high-temperature synthesis, etc [5, [27] [28] [29] [30] [31] [32] .
Among mentioned, powder processing is the simplest method for producing ceramic components and frequently used since simplicity of the overall process is usually highly demanded. FGMs could be green shaped by successive uniaxial pressing of powders [5, 27, 28] , while subsequent densification results in formation of FGM components. Sintering of FGM is the most challenging step within the powder processing, since the different constituents of FGM usually shrink with different rates and the resulting mismatch stresses can lead to warping, cracking or delamination of the material [27, 33] . To obtain high-quality FGMs with desired grain size and density, free from any form of deformation, it is desirable to know densification kinetics of every graded layer in FGM and to design sintering strategy.
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Continuing our previous studies on fabrication of dense nanostructured hydroxyapatite [34] , and calcium deficient hydroxyapatite [35] ceramics, here, we deal with their combination in the aim to prepare FGM with unique properties. The idea of this study was to establish a model system for engineering of nanostructured calcium phosphate sintered ceramics with simultaneous spatial gradients of microstructure (density), phase composition (HAp/β-TCP ratio), and mechanical properties (hardness and Young's modulus). An important processing goal was to obtain high-quality materials without macro-and micro-structural damages. To solve significant fabrication problem, induced by mismatch stress, compositional gradient was optimized. Three-and five-layered SHAp/CDHAp samples with different compositional gradient were fabricated by the powder-stacking method and uniaxially pressing process. Twostep sintering (TSS) method was used to convert multilayered samples to nanostructured FGMs.
Materials and methods

Starting powders
According to our previous investigations, two calcium phosphate powders, stoichiometric (SHAp) and calcium deficient (CDHAp) hydroxyapatite, were chosen for the preparation of HAp/BCP FGMs.
The SHAp and CDHAp powders were prepared by hydrothermal processing of chemically precipitated material. The ratio of Ca/P was adjusted to be 1 grounded to obtain the powdered materials [34−36] . Phase composition of the powders was determined using a powder X-ray diffractometer (Philips PW 1050; Almelo, The Netherlands).
The particle size distribution was measured by the laser light-scattering particle size analyzer 
Designing and sintering of FGMs
At first, to estimate average green density of SHAp and CDHAp used for the preparation of the graded layers in FGMs, the monomorph layers were pressed in the same conditions as FGMs. μm. In the next phase, multilayered green pellets were transformed in FGMs by two-step sintering (TSS) process. TSS was performed in a tube furnace; the samples were heated to 900 °C (T 1 ) and after retention for 5 min were cooled down to 850 °C (T 2 ) and kept for 20 h. The heating rate was 2 °C/min while cooling rate between T 1 and T 2 was 50 °C/min. After T 2 , samples were naturally cooled down with the furnace to room temperature. TSS conditions for preparation of nanostructured calcium phosphate ceramics were established previously [34] .
Hereafter, FGMs prepared by sintering of two-, three-and five-layered pellets are referred as FGM-2, FGM-3 and FGM-5, respectively.
To calculate the residual stresses and predict distortions that could occur during sintering of bilayered sample (FGM-2) a finite element analysis (FEA) using PAK finite element solver [37] was performed. The linear coefficients of thermal expansion (CTE), calculated from the shrinkage data for SHAp and CDHAp, were used as input data for FEA; modeling was done for data recorded at 970 °C, where densification mismatch is the largest. 7
Characterization of FGMs
To examine the gradient of microstructure using the FE−SEM, samples were grinded perpendicularly with respect to the layers; the cross−sections were polished, thermally etched The gradient of phase composition was studied by vibrational spectroscopy techniques.
Micro-Raman spectroscopy was performed using a DXR Raman microscope (Thermo Scientific, Madison, WI, USA). The 532 nm line of a diode-pumped solid-state high-brightness laser was used as the excitation source. The Raman spectra were recorded in the frequency interval of 3500-100 cm −1 , with a resolution of 4 cm −1 . Fourier Transformed Infrared (FTIR) measurements were carried out on Perkin Elmer Spectrum 100 FTIR spectrophotometer coupled to a Spotlight FTIR microscope equipped with nitrogen cooled MCT detector. The FTIR spectra were recorded in the frequency interval of 2000-500 cm −1 , with a resolution of 2 cm −1 . The vibrational spectra were taken on the polished cross−sectional surfaces, at 100 x 100 μm area and 800 μm vertical line steps. The deconvolution of the recorded Raman and FTIR spectra was done using PeakFit TM software [38] . Before fitting, for the sake of comparison, investigated peaks area was normalized to 1. The Gaussian, Lorentzian, Voight and Pearson function were tested, finally, the Voight line shape was chosen for the fitting. The iteration cycles of fitting procedure were repeated to get the best coefficient of determination, r 2 (the best value of r 2 is 1.0). Initial deconvolution procedure was carried out for the FGM segment with nominally the highest amount of β-TCP. 
Results and discussion
Characteristics of starting powders
A detailed characterization of SHAp and CDHAp powders was the subject of our previous papers [34−36] . Here, we point out the powders' properties: phase composition, degree of crystallinity, particle size distribution, stoichiometry, morphology and specific surface area, which influenced sinterability and consequently the quality of the FGMs. Table   1 .
Designing of FGMs and sintering
It is known that during sintering of multilayered samples, the adjacent layers should have the same or similar densification behavior in order to reduce mismatch stresses during the heating and cooling cycles [27, 33] . Besides, stoichiometry (Ca/P ratio) of calcium phosphate powders has great impact on densification kinetics [39] . Thus, before designing of FGMs, densification behavior of SHAp and CDHAp starting powders was examined to find whether they are compatible for the preparation of FGMs without macro-and micro-structural failures.
The percentage of shrinkage was calculated from experimental data recorded in radial (d) direction and using Eq. (1):
where Δd denotes the difference between the initial value of diameter 
where ρ o is the density of a green pellet. Fig. 4 shows density vs. temperature for SHAp and CDHAp specimens nonisothermally sintered to 1200 °C with heating rates of 2, 5, 10 and 20 °C/min. Obviously, regardless the heating rate, there is always a difference in densification behavior between SHAp and CDHAp. Generally, densification behavior depends on phase composition, green density, temperature, time, atmosphere, etc. [40] . Here, the different densification of SHAp and CDHAp primary depends on stoichiometry effects. It can be noticed that the densification curves of SHAp have similar shape with modest but systematic dependence on the heating rate; actually, with the increase of heating rate, the temperature at which densification begins is shifted toward higher temperatures. The main densification of SHAp occurs in the temperature interval 700-950 °C, while the further increase of temperature provoke grain growth. Densification curves for CDHAp exhibit very different behavior than those for SHAp: (1) the densification starts around 800 °C and does not finish to 1200 °C, (2) the beginning of densification is shifted to the lower temperatures with faster heating; also, the faster heating results in higher densification.
The unusual behavior that increased heating rate increases densification has been explained by two processes: (1) β-TCP formation kinetics, which occur during heating and hinders densification, and (2) influence of surface diffusion of CDHAp system [36, 39, 42] . Furthermore, previously has been found that amount of TCP phase, representing the sum of β-and α-TCP, exponentially increase with the decrease of heating rate [36] .
The von Mises stresses were used as the key indicators to determine stress levels and evaluate the stress distribution in FGM-2. (Fig. 5(b) ). Thus, deterioration of the FGM-2 structure could be expected due to the large stress developed at adjacent layers interface during the sintering. To prove the theoretical prediction, FGM-2 was sintered up 1200 °C with a heating rate of 10 °C/min. Photographs, recorded during sintering in heating microscope, show the start of the sample deformation at 968 °C (Fig. 5(c) ) which is in accordance with the data of the linear CTE. Macrostructural failure is confirmed by SEM of FGM-2 cross-section; large crack is shown to develop at the layers interface area inducing a delamination ( Fig. 5(d) ).
To reduce densification mismatch between adjacent layers, gradient of phase composition was optimized. The intermediate layers of SHAp and CDHAp mixture were introduced between SHAp and CDHAp layers; thus, instead bilayered SHAp/CDHAp, threeand five-layered pellets with graded change in phase composition were prepared, as it is shown in Fig. 1 . Besides, in the aim to produce nanostructured FGMs, instead of conventional sintering, TSS was applied. The TSS conditions were determined previously [34] , while, the heating rate of 2 °/min was chosen since the fact that yields the largest amount of TCP produced by CDHAp phase transformation [36] .
Gradient of microstructure
SEM micrograph of FGM-3 cross-section surface is presented in Fig. 6(d) ; the profile is segmented and labeled as bottom, middle and top part. The SEM micrograph confirms highquality of whole FGM-3 specimen; there is no delamination, excessive shape distortion, cracks and micro-structural damages developed during TSS, grinding and polishing processes. 
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The results of FE−SEM analyses establish stepped gradient of density in nanostructured FGMs.
Gradient of phase composition
Raman spectroscopy is an excellent characterization tool to identify the phase evolution as a function of HAp stoichiometry, because it is very sensitive to small amounts of other phases.
Traces of β-TCP (non-detectable by XRD) in the mixture with HAp yield to the broadening of the ν1 vibrational mode in the Raman spectrum. Actually, β-TCP crystal structure possesses lower symmetry than HAp; distortion of the PO 4 tetrahedra results in a degeneration of ν1 symmetric stretching mode in the case of β-TCP, thus, two bands appear at 947 and 968 cm -1 [43, 44] . More precisely, the superposition of ν1 vibrations of pure HAp and β-TCP results in a double-band structure; the band at around 960 cm −1 will be broadened at the low frequency side
(small shoulder appears between 940 and 950 cm −1 ) [45, 46] . Thus, that was the reason why
Raman spectroscopy was chosen to study the gradient of phase composition in HAp/BCP FGMs.
At first, we noticed that Raman spectra of all investigated segments in FGM-3 and FGM-5 samples are almost identical. Thus, for clarity, in this paper, only the micro-Raman spectrum of FGM-5 top segment is presented in the whole recorded spectral range, Fig. 8(a) . In all spectra only the typical apatite phosphate (PO ) modes exist at: 431, 450 cm −1 (O-P-O doubly degenerated bending mode, ν2); 580, 592, 609 cm −1 (O-P-O triply degenerated bending mode, ν4); 964 cm −1 (P-O non-degenerated symmetric stretching mode, ν1); and 1029, 1047, and 1078 cm −1 (P-O triply degenerated antisymmetric stretching mode, ν3) [47, 48] . All observed bands match with those in FT-Raman spectrum of deproteinated human cortical bone [49, 50] implicating compositional compatibility between the artificial material and mineral part of natural bone. Furthermore, to find low frequency broadening of the ν1 band and to confirm the existence of β-TCP crystal phase, detailed analysis of 1000-900 cm −1 spectral region ( to the top side, in both the FGMs. The a value, changed from 0.04 to 2.49 %, is rather relative than absolute measure of β-TCP.
FTIR technique, complementary to Raman spectroscopy, allows study of structural OH group vibrations during phase evolution from HAp to BCP, even when small amount of β-TCP phase was formed. As it is known, β-TCP has no structural OH groups yielding to vanishing of vibrational band near 630 cm -1 [43] . To confirm decreases of relative content of structural OH groups, detailed analysis of 650-530 cm −1 spectral region ( Fig. 10(b) ) was done; the bands were deconvoluted. Prior to deconvolution, analyzed spectral area was normalized to 1. Relative amount of structural OH groups was correlated with the area of integrated peak centered at ∼ 630 cm -1 . Figure 11 represents the results of fitting (recorded, deconvoluted and calculated lines, also, the ratio of OH and total integrated peak areas denoted as a OH /a sum ) for bottom, middle and top parts of FGM-5. It could be seen that relative amount of structural OH groups was decreased from the bottom (HAp) to the top (BCP) part of FGM-5.
Both vibrational spectroscopy techniques confirmed formation of HAp/BCP FGMs; (1) Raman spectroscopy determined rises of β-TCP phase, while simultaneously (2) FTIR spectroscopy revealed decreases of relative content of structural OH groups. It should be emphasized that amount of β-TCP is relatively low which is influenced by low sintering temperature, initial powders' stoichiometry and nature of phase transformation. The possibility to vary HAp/β-TCP ratio through FGMs is useful for optimization of dissolution behavior [51] .
Gradient of mechanical properties
Microhardness and Young's modulus of the FGM-3 and FGM-5 as a function of position, and consequently of microstructure and phase composition are shown in Figs. 12 and 13. For FGM-3, the highest microhardness, about 650 HV, is measured for the bottom part consisted of pure HAp phase, and then stepwisely decreased to 140 HV for the top part, confirming graded profile (Fig. 12) . Similar results are obtained for FGM-5 (Fig. 13) ; the highest microhardness of about 640 HV is measured for the bottom part, which then stepwisely decreases to 115 HV for the top part. The same trend is observed in the change of Young's modulus of these samples. For FGM-3, it varies from 92.5 to 27 GPa (Fig. 12) , while for the FGM-5 Young's modulus goes from 68 to 24 GPa (Fig. 13) . The change of elastic modulus of the FGMs is in agreement with that of sintered HAp materials obtained at different temperatures [52] . phosphates should match [15, 53, 54] . However, mechanical properties of calcium phosphates are influenced by many parameters, among which porosity has a dominant role [55] . For HAp, elastic modulus is in the range from 80 to 110 GPa, while for β-TCP reaches values of 90 GPa [16, 56] .
In Table 2 
Conclusion
It was shown that nanostructured HAp/BCP FGMs with functionally graded chemical and physical properties could be fabricated by powders processing and reaction two-step sintering.
The mismatch stress between adjacent layers, generated during sintering, was successfully reduced by optimization of phase composition' gradient; high-quality FGMs, without excessive shape distortion, delamination, development of cracks and micro-structural failures were obtained.
Determined spatial change of porosity, phase composition (HAp/β-TCP ratio) and mechanical properties, with simultaneous enhancement of features promotes fabricated FGMs as functional bioceramics:
(1) The average grain size along the overall FGMs was fairly below 100 nm, approaching dimensionality of HAp crystals in natural bone; 
